The molluscan assemblages in a sediment core from the north-eastern Adriatic show significant compositional changes over the past 10,000 yrs related to (1) natural deepening driven by the post-glacial sea-level rise, (2) increasing abundance of skeletal sand and gravel, and (3) anthropogenic impacts. The transgressive phase (10,000-6000 BP) is characterized by strongly time-averaged communities dominated by infaunal bivalves. During the early highstand (6000-4000 BP), the abundance of epifaunal filter feeders and grazers increases, and gastropods become more important. Epifaunal dominance culminates during the late highstand (4000-2000 BP) with the development of extensive shell beds formed by large-sized Arca noae and Ostrea sp. bivalves. This community persists until the early 20th century, when it falls victim to multiple anthropogenic impacts, mainly bottom trawling, and is substituted by an infauna-dominated community indicative of instability, disturbance and organic enrichment. The re-establishment of this unique shell-bed ecosystem can be a goal for restoration efforts.
Introduction
With growing awareness of the necessity for nature conservation, the need for long-term ecological studies increases (Dietl and Flessa, 2011; Dietl et al., 2015) . Setting goals for management and restoration plans, however, requires defining appropriate baselines that specify the composition of an undisturbed ecosystem (Alleway and Connell, 2015; Thurstan et al., 2015; Dietl and Smith, 2017; Tomašových and Kidwell, 2017) and to what extent it can realistically be restored together with the ecosystem services it provides (Willard and Cronin, 2007; Mann and Powell, 2007; Rick and Lockwood, 2013) . Although the onset of industrialization may represent a baseline (Froyd and Willis, 2008; Wolfe et al., 2013) , the human impact on ecosystems dates back to much earlier times (Lotze et al., 2011a) . To shed light on the extent and the history of anthropogenic ecosystem alteration, an approach is needed that covers long time intervals and thus distinguishes the effects of natural environmental changes from human impacts (Perry et al., 2008; Kidwell, 2015) .
In this context, molluscs are useful proxy organisms to study longterm changes in marine ecosystems because their shells persist in marine sediments. From the shell communities found in different layers of a sediment core, inferences can thus be made to the past environmental conditions. In addition, some molluscs are ecosystem engineers (Jones et al., 1994) due to their significant filtering capacity and capacity to alter physical properties of sediments (Thrush et al., 2006) , hydrodynamic conditions (Gutierrez et al., 2003) , and to buffer seawater chemistry (Waldbusser et al., 2013) . High abundance of dead shells can generate a so-called taphonomic feedback (Kidwell and Jablonski, 1983; Kidwell, 1986) , which enhances survival and reproduction of epifaunal molluscs by stabilizing the substrate and providing surfaces for larval settlement. This, in turn, supports ecological successions (Gordillo and Archuby, 2014) .
The northern Adriatic Sea has been altered by humans since early in history (Bianchi and Morri, 2000) . Ten thousand years ago, the first hunter-fisher-gatherer communities lived along the Adriatic coasts (Lotze et al., 2011a) . Farming started in southern Italy in 6200 BC (Kovačević, 2002) , entailing the first major impacts in coastal regions (Barausse et al., 2011 (Barausse et al., , 2009 Lleonart and Maynou, 2003; Papaconstantinou and Farrugio, 2000) . Bottom trawling, a fishing technique already used in the late Middle Ages in Adriatic waters, experienced a first development boost in the 19th century (Cherini, 1994; Fortibuoni, 2009) . Eventually, in the 20th century, the industrialisation of the fishing sector lead to the development of new powerful, more destructive and unselective fishing gear with an enormous impact on fish populations and benthic habitats (Lotze et al., 2011a; Pranovi et al., 2000 Pranovi et al., , 1998 Thrush and Dayton, 2002) . Today, habitat loss and degradation, pollution, climate change, eutrophication, hypoxia (Stachowitsch, 1991; Nerlović et al., 2011) and the introduction of alien species, together with an intense fishing pressure, make the Adriatic Sea one of the most affected marine ecosystems worldwide Costello et al., 2010; Franzo et al., 2015) .
Based on a comprehensive sedimentological and faunistic analysis of a 1.5-m-long sediment core from the north-eastern Adriatic Sea, we assess long-term shifts in the composition of molluscan communities and use them as a proxy for environmental changes over the past1 0,000 yrs. In particular, we tease out the different anthropogenic causes of community shifts in the recent past and determine their timing and contribution to the changes found. The dating of shells of two bivalve species (Gouldia minima and Corbula gibba) based on radiocarbon-calibrated amino acid racemization and the definition of age intervals that encompass broader time spans allow us to estimate chronology of the core and quantify the degree of time averaging of non-contemporaneous generations in core assemblages (Kowalewski, 1996; Peterson, 1977; Staff et al., 1986; Wilson, 1988; Kidwell and Tomasovych, 2013) ; Time averaging is typical for shelly deposits that originate under low sedimentation rates and intense bioturbation. Such conditions can lead to an age difference of hundreds to thousands of years of shells co-occurring in a specific sediment layer (Flessa et al., 1993; Flessa and Kowalewski, 1994; Kidwell et al., 2005; Kosnik et al., 2007; Scarponi et al., 2013; Dominguez et al., 2016; Tomašových et al., 2016) .
Material and methods

Study area
The Adriatic Sea is a semi-enclosed water-body that extends from northwest to southeast and connects to the Mediterranean through the Otranto Strait. Most of the sediment introduced into the northern Adriatic Sea comes from the Apennines, with the Po River being the biggest source of sediment (Pigorini, 1968; Frignani et al., 2005; ) . It is subsequently transported and accumulated south along the Italian coast (Boldrin et al., 1988; Frignani et al., 2005; Pigorini, 1968; Van Van Straaten, 1970) . The eastern coast of the northern Adriatic is sedimentstarved, in contrast to the sediment-rich western coast with the Po Delta and the northern Gulf of Trieste with the Isonzo Delta (Frignani et al., 2005; Covelli et al., 2006) , and is characterized by much lower sedimentation rates. Today, circalittoral habitats off Piran (Slovenia) consist of soft bottoms inhabited by an epibenthic community dominated by sponges, ascidians, and brittle stars, and has been described as the Ophiotrix-Reniera-Microcosmus (ORM) community (Fedra et al., 1976; Stachowitsch et al., 2007) . This filter-and suspension-feeding consumer community depends on particulate organic matter as energy input and strongly contributes to bentho-pelagic coupling (Fedra et al., 1976; Ott and Fedra, 1977) . The water depth in the north-eastern Adriatic Sea has been increasing since the early Holocene (Vacchi et al., 2016) . Around 10,000 yrs ago, corresponding to the base of our core, the water depth was approximately 13 m at the sampling station, and rose to a depth of 22.7 m today (Antonioli et al., 2007; Vacchi et al., 2016) .
Sampling
The sampling station is located close to the Slovenian city of Piran at a water depth of 22.7 m, approximately 4 km from the coast (N45°33.793′, E13°32.229′, Fig. 1 ). Three core samples were taken using an UWITEC piston corer with hammer action, yielding cores with a length of 150 cm and a diameter of 16 and 9 cm, resp. . The two 9-cm cores were used for grain size and geochemical analyses, the 16-cm core for the investigation of the molluscan assemblages. The cores were sliced into 37 increments: the top 20 cm were divided into slices of 2 cm, the remainder into slices of 5 cm. For the mollusc analysis, the subsamples were sieved under flowing water with a mesh size of 1 mm, dried, and all molluscs were picked from the sediment under a stereomicroscope. They were determined to species level and counted for each increment. To compare the upper 20 cm with the rest of the core, the 2 cm-slices were pooled into 4 cm increments. Bivalve shells were divided into right-, left-and double-valved specimens to avoid counting individuals twice. For each species, the higher number of single valves (either right or left) was added to the number of double-valved specimens to get the final count in each increment. Due to the high shell abundance, the increments from 10 cm to 35 cm were split into quarters, and only one quarter was counted. In analyses of absolute abundances, these data were multiplied by four. Similarly, the increments from 35 cm to 45 cm were divided in half and then multiplied by two for analysis. All species were assigned to a feeding guild, ecotype, preferred substrate, a host-and a weed (marine vegetation) association (Werner, 1953; Fretter and Graham, 1984; Cachia et al., 1996; Chemello and Milazzo, 2002; Ruestes, 2002; Rueda et al., 2009; Gofas et al., 2011a Gofas et al., , 2011b Oporto et al., 2012; Rinaldi, 2012) . For grain size analysis, a sedigraph (SediGraph III 5120 Particle Size Analyzer) was used for fractions < 63 μm, and dry sieving for fractions between 63 μm and 1 mm.
Age dating
Core chronology is based on the radiocarbon-calibrated amino acid racemization (AAR) dating of the bivalve species Gouldia minima and Corbula gibba. Thirty specimens (complete valves or fragments with umbo preserved) of G. minima were randomly selected from each of 11 increments and of C. gibba from each of nine increments. These increments were more or less evenly spaced, covering the whole core thickness between 0 and 150 cm. A total of 316 shells of G. minima and 232 shells of C. gibba from the > 1 mm sieve fraction were used for dating of increments with AAR analyses. The Amino Acid Geochronology Laboratory at Northern Arizona University analyzed the amount of AAR in shells of two species with reverse phase high pressure liquid chromatography (RP-HPLC) (Kaufman and Manley, 1998) . We calibrated the rate of AAR using the Bayesian model fitting procedures according to Allen et al. (2013) , using 13 shells dated with 14 C at the Poznan Radiocarbon Laboratory (Poland) and two live-collected shells of G. minima, and using 11 shells dated with 14 C and 3 live-collected shells of C. gibba (see details in . To transform radiocarbon ages to calendar years Calib7.1 (Stuiver and Reimer, 1993) , the Marine13 data (Reimer et al., 2013) and a correction from a marine reservoir (ΔR) in the north-eastern Adriatic that equals − 61 yrs (standard deviation = 50 yrs) (Siani et al., 2000) was used. Activities of 210 Pb and 226 Ra were analyzed in the upper 40 cm of the core by gamma spectrometry with a High Purity Germanium detector system.
Geochemical analysis
The sediment concentrations of Hg, Cr, Cu, Ni, Pb, As, Cd, Zn Mn, Li, P, Fe, Al, polyaromatic hydrocarbons (PAH), polychlorinated biphenyls (PCB), C total, total organic carbon (TOC) and total nitrogen (N tot) were measured at the following core increments: 2-0 cm, 6-4 cm, 10-8 cm, 22-20 cm, 44-42 cm, 56-54 cm, 78-76 cm, 85-83 cm, 120-118 cm, 138-136 cm. Details on the analytical protocol are provided in Vidović et al., 2016 . Subsequently, the concentrations were compared to screening levels developed by the National Oceanic and Atmospheric Administration (NOAA) of the U.S. Department of Commerce. These levels are designed to screen for substances that may threaten natural resources and represent different toxicity gradients. Threshold Effects Levels (TEL), Effects Range Low (ERL), Probable Effects Levels (PEL) and Effects Range Median (ERM) (ordered with increasing toxicity gradient) are benchmarks based on databases of marine sediment chemistry and sediment toxicity bioassay data that define which levels can have toxic effects (Buchmann, 2008) .
Palaeoecological analysis
To quantify diversity, the rarefied species richness (N = 56 for gastropods, N = 144 for bivalves and N = 222 for all species) and the effective number of species based on the Shannon index (exp(H)) were calculated. Differences in median species richness between age intervals were assessed with a Wilcoxon rank-sum test. Non-metric multidimensional scaling (NMDS) based on Bray-Curtis distances of squareroot transformed proportional species abundances was performed to analyse compositional similarity between increments and age intervals on the basis of the abundances of all molluscs. Redundancy analysis (RDA) based on a forward selection model (Oksanen et al., 2016 ) was used to identify pollutants and environmental factors best explaining the Bray-Curtis distances between increments. Based on a correlation matrix and on values exceeding NOAA threshold levels, mud (clay + silt), gravel, water depth (after Antonioli et al., 2007; Vacchi et al., 2016) , Hg, Zn, As, Cd, Ni, PAH, and Ntot were chosen as variables for RDA. All statistical analyses were performed in R-studio (version 1.0.136) using the "vegan" package (Oksanen et al., 2016) .
Results
Shell dating
Median age of G. minima and C. gibba is similar in the uppermost increment at 0-2 cm (1000 and 1100 yrs). However, C. gibba is consistently older than G. minima in individual stratigraphic increments, with its median age ranging from 2300 yrs in the 8-10 cm increment to 8700 yrs in the lowest increment at 145-150 cm. In contrast, median age of G. minima ranges from 1500 yrs at 8-10 cm to 6600 yrs at 85-90 cm, and median ages in the lowermost increments range between 4200 and 5300 yrs ( Table 1 ). The maximum 75th percentile of C. gibba ages in individual increments of C. gibba is 10,000 yrs. Ranges of median ages were assigned to individual increments on the basis of a median age weighted according to the total abundance of the two species in each dated increment (i.e., 30 shells were dated for each species per increment, but the total numbers of G. minima in increments tend to be larger, and weighting thus allows us to compute an overall shell age). The uppermost 4 cm show uniform activities of excess 210 Pb, followed by a relatively monotonic decline down to 10 cm, and by the appearance of supported values at 12-14 cm. Although the presence of very old shells of C. gibba and G. minima in the uppermost increments indicates significant mixing effects, the appearance of the excess 210 Pb just above the shell bed at 10 cm (associated with an abrupt increase in the concentrations of organic pollutants in the top 12 cm, see below) implies that the topmost increment represents a mixture of older shells and the 20th century record of sediment particles. To summarize, the sediment core can be split into four stratigraphic intervals based on age dating:
(1) 65-150 cm (transgressive phase, median age = 6000-10,000 yrs ago), (2) 30-65 cm (early highstand phase, median age = 4000-6000 yrs ago), (3) 12-30 cm (early-late highstand phase, median age = 4000-2000 yrs ago), (4) 12-0 cm (late highstand and anthropogenic phase, median age = 0-2000 yrs ago) ( Table 1) .
Grain size distribution and analysis of environmental parameters
Grain size changes considerably throughout the core (Fig. 2) . Clay decreases slightly (from 23% to 14%) and silt strongly (from 62% to 13%) from the bottom to the top, while the sand fraction increases upcore (from 13% to 63%). The gravel content is generally very low, but it shows two pronounced peaks (125-110 mm: 11-13%; 18-12 mm: 20-26%). These peaks are generated by a high abundance of shelly gravel formed mainly by Arca and oyster shells (Fig. 2) .
All elements, nutrients and pollutants (except Li and TOC, which decrease up-core) show a pronounced peak in the youngest part of the core (Fig. 3) . Hg, Ni, As, Zn and PAH exceed ERL and TEL levels (Buchmann, 2008) in some increments (Table 2) .
Species composition and richness
A total of 31,978 shells belonging to 373 species, 199 genera and 105 families was counted. The relative abundances of eco-, feeding-and substrate types (Fig. 4) reveal distinct up-core trends (Table 3) : Infauna decreases while epifauna increases from 150 cm to 20 cm. From 20 cm upwards, however, this trend reverses. Epibionts and ectoparasites decrease. Concerning feeding types, there is an increase of filter-feeding and grazing organisms, while detritivores decrease. Species associated with echinoderms and ascidians decrease from base to top, whereas sponge-associated ones and species without host association increase at the same time. Species with no weed association decrease at the expense of species associated with algae and seagrass. The mean rarefied species richness (interval 1 and 2:52) and effective number of species (interval 1:28, interval 2:27) do not differ between intervals 1 and 2, which cover most of the core. Both measures of richness decrease towards the top (interval 3:48 and 23, interval 4:47 and 20, respectively). Significant differences exist between interval 4 on one hand and intervals 1 and 2 on the other hand (Wilcoxon test, p = 0.016 and p = 0.028 resp.) and between interval 2 and interval 3 (Wilcoxon test, p = 0.012).
The four age intervals (see par. 2.4.) are characterized by different species and sediment composition:
The transgressive phase (age interval 1, 152-65 cm, median age =~10,000-6000 yrs).
The oldest age interval is characterized by silty sediment with a peak in the proportion of sand at 125-110 cm. The total abundance of mollusc species is relatively stable up-core and low compared to the other stratigraphic intervals (Fig. 5 ). This interval is highly time-averaged, with an inter-quartile range of shell ages of C. gibba and G. minima in 5 cm-increments equal to 1000-2000 yrs (Table 1 ). The mean rarefied number of species is 52, and the mean effective number of species 28 (Fig. 5) . C. gibba (infaunal detritus and filter feeder), G. minima (infaunal filter feeder), and Nassarius pygmaeus (epifaunal scavenger) are the most abundant species (Fig. 6) . In contrast to the younger age intervals, Kurtiella bidentata, a species associated with echinoderms, Abra alba, (infaunal detritus feeder), and Flexopecten glaber, a reclining epifaunal suspension feeder, are very abundant (Fig. 7) . Infauna (e.g., C. gibba, G. minima) is the most abundant ecotype, filter feeding (e.g., G. minima, Pitar rudis, F. glaber) is the dominant feeding type, followed by detritus feeding (e.g., Moerella distorta, A. alba), and host associations are mostly established with echinoderms (e.g., K. bidentata) and ascidians. Species associated with algae and seagrass (e.g., Bittium latreilli, Bittium reticulatum) and with the seagrass rhizome layer (e.g., Alvania cimex, Weinkauffia turgidula) are more frequent than those found exclusively on algae (Fig. 4) .
The early highstand phase (age interval 2, 65-30 cm, median age 6000-4000 yrs).
This age interval is characterized by a major compositional turnover. Here, the proportion of silt decreases in favour of sand content, and the total abundance of individuals increases from 846 in the 65-60 cm increment to 2420 in the 35-30 cm increment. Time averaging is smaller than in interval 1 but still remains high (with interquartile range of shell ages of G. minima in 5 cm-increments equal tõ 700 yrs and inter-quartile range of shell ages of C. gibba is equal tõ 2700 yrs). However, mean rarefied number of species (27) and mean effective number of species (52) are very similar to interval 1. Species abundances shift noticeably, with C. gibba abundances dropping below those of G. minima and N. pygmaeus. Concomitantly, the infaunal life habit decreases slightly in favour of epifaunal ecotypes (e.g. Arca noae and B. latreilli). Grazing (e.g. B. latreilli, Cerithium vulgatum) establishes as the second most important feeding type after filter feeding. Only very Table 1 Results of radiocarbon calibrated amino acid racemisation in increments that were dated for both G. minima and C. gibba, and age intervals that were defined in a combination of all results. Inter-quartile age range is corrected for calibration using the approach of Dominguez et al. (2016) . Note: TST -transgressive phase, HST -highstand phase.
Sediment depth (cm) Gouldia median age (95% conf. Sandy mud (TST)~6000-10,000 yrs ago few species in this age interval such as the triphorid Marshallora adversa and some Cerithiopsidae live associated with a host (mostly sponges). Species associated with algae and seagrass (e.g. B. latreilli) become increasingly abundant.
The early-late highstand phase: Oyster-Arca bottoms (age interval 3, 30-12 cm, median age 4000-2000 yrs).
This age interval is characterized by a shell bed formed by large arcid and ostreid shells, which is also reflected by a peak in gravel content. Shell abundance reaches a peak at 30-25 cm with the highest abundance of individuals (5324 shells) in the entire core. Time averaging is similarly high as in interval 2 (with inter-quartile range of shells of G. minima and C. gibba in 5 cm-increments equal tõ 1200-1700 yrs). The mean rarefied number of species (48) and mean effective number of species (23) is lower than in the two older intervals. Arsenic reaches peak values and exceeds threshold effects levels. G. minima, Bittium submamillatum and B. latreilli are the most abundant species. At the top of this interval, epifauna associated with vegetation (B. latreilli) is the second-most abundant ecotype after infauna (C. gibba). Infauna and epifauna (A. noae) show an opposing trend again. Filter feeders (G. minima), grazers (B. latreillii) and herbivores are the most abundant feeding types, and species associated with algae and seagrass such as B. latreillii further increase. In contrast to older intervals, species associated with sponges such as M. adversa and some Cerithiopsidae are abundant.
The late highstand-anthropogenic phase (age interval 4, 12-0 cm, median age 2000-0 yrs).
The sediment in the youngest interval consists mostly of sand. The total abundance of individuals peaks at 12-8 cm (4973 shells). The inter-quartile range of shells of G. minima and C. gibba ranges betweeñ 550-2700 yrs. The mean rarefied number of species (47) and mean effective species number (20), however, are lower than in the older intervals. Hg, Cr, Cu, Ni, Pb, Cd, Zn, PAHs and PCBs show a peak in their concentration, Zn and PAHs exceed TELs, and Hg reaches ERM. G. minima, B. latreillii, and C. gibba are the dominant species. Infauna (G. minima) is the most abundant ecotype, followed by an epifaunal life habit associated with vegetation (B. latreilli). Herbivores (Pusillina radiata, Alvania geryonia) and grazers (B. latreilli) are the most abundant feeding types and, among host associations, sponges represent the preferred hosts (M. adversa). Species associated with seagrass and algae (e.g. B. latreilli) reach a maximum relative abundance in this interval. It is characterized by a reversal in several trends: Infauna (C. gibba) increases, while epifauna (N. pygmaeus) decreases together with species X-ray image B A e z i s n i a r G Fig. 2 . A: Sediment grain size from left to right: clay, silt, sand and gravel in percent. B: x-ray image that shows differences in density of the core with big Ostrea shells in the upper magnified part. associated with seagrass and algae (e.g. B. latreillii). Detritus feeders (C. gibba) also reverse their trend and increase while grazers (B. latreilli) and herbivores (P. radiata) decrease.
Changes in multivariate composition of molluscan communities
NMDS for all marine mollusc species shows a trend from the lowest part of the core on the right end of the first axis to younger samples on the left (Fig. 8) . The four stratigraphic intervals are aligned along this axis. The oldest increments (150-65 cm) do not show any non-random alignment along axis 1, in accordance with strong mixing. In contrast, the increments of the intervals 2-4 are less homogenized and clearly ordered along the first axis. Axis 1 thus reflects ecological change in molluscan community composition associated with the shift from transgressive to highstand deposits, which correlates with sea-level rise and a decreasing concentration of mud; the oldest assemblages show the highest positive values and younger ones show more negative values. Axis 2 captures separation between assemblages with distinct host associations. In the transgressive interval, species associated with echinoderms, ascidians, the seagrass rhizome layer, and marine vegetation in general, are relatively frequent. In the highstand intervals, abundances of species associated with echinoderms, ascidians and seagrass rhizome layer are negligible, whereas species associated with marine vegetation (seagrass or algae) are more important. The proportion of mud explains most of the variation in almost all RDA analyses based on the different ecological groups (Table 4 , Fig. 9 ). Depending on the ecological groups, additional variables significantly contribute to explaining the observed variation in the community composition: Arsenic in the case of feeding-and ecotype, gravel content in the case of ecotype and substrate relation, and water depth in the Fig. 3 . Concentrations heavy metals organic pollutants along the core. Hg, Cr, Cu, Ni, Pb, As, Cd and Zn in mg/kg; PAH and PCB in ng/g; C tot, TOC and N tot in percent dry weight and the reconstructed waterdepth (paleodepth). Dotted lines: exceeded NOAA benchmarks (TEL and ERM).
Table 2
Benchmarks from NOAA Screening Quick Reference Tables (Buchmann, 2008) ; Threshold Effects Levels (TEL), Effects Range Low (ERL), Probable Effects Levels (PEL) and Effects Range Median (ERM) for environmental pollutants (toxicity increasing from top to bottom); levels in bold are exceeded in the studied core. case of ecotype and weed association (for the latter, water depth is the only significant variable).
Discussion
Age dating and time-averaging
The sediment core covers the past~10,000 yrs and shows an upcore transition from an infauna-dominated, mainly detritivorous community to a community in which epifaunal, filter-feeding and grazing species are increasingly more abundant. Four stratigraphic intervals represent distinct portions of sea level rise, with the youngest interval strongly influenced by anthropogenic impacts. Interestingly, the two bivalve species used for shell dating (C. gibba and G. minima) display a persistent and marked difference in median age in each of the core increments between 10 and 150 cm (Table 1) . This difference can be explained (1) by strong sediment mixing generated by burrowing organisms in the Gulf of Trieste (Pervesler and Hohenegger, 2006) , combined with a very low sedimentation rate, with on average less than 0.02 cm/yr at our station, and (2) by differences in timing of abundance peaks of the two species (e.g., Löwemark and Grootes, 2004) . Proportional abundances of C. gibba are largest in the transgressive increments whereas proportional abundances of G. minima are largest in the highstand increments. G. minima is typically associated with coarser sediments, which increase up-core, while C. gibba prefers clay and silt dominating in the deeper layers. Mixing processes probably led to cooccurrence of populations that lived under different sea-level phases, and reduced stratigraphic differences in abundance of these species in the lower and middle parts of the core. Mixing processes cannot equalize post-mortem ages when abundance maxima of two species did not overlap in time, generating the offsets in their postmortem age. Therefore, we infer that abundance of G. minima is probably inflated by downward reworking in the transgressive increments (65-150 cm) Fig. 4 . Relative abundance of ecotypes, feeding types, host association, substrate association and weed association. Dotted lines indicate the boundaries of the four age groups.
Table 3
Trends in relative abundance of ecotypes, feeding types, host association, substrate relation, and weed association along the core. whereas abundance of C. gibba is inflated by upward reworking in the highstand increments (12-65 cm). Original differences in abundance of these species were probably much larger than can be observed now in the sediment core. In the northern Adriatic Sea, widely distributed deep-burrowing crustaceans, bivalves (Atkinson and Froglia, 2000; Dworschak, 1987; Pervesler and Dworschak, 1985) , polychates, echinoderms (Schinner, 1993) and to a lesser extent also sea turtles (Lazar et al., 2011) can be responsible for upcore and downcore mixing. Even with extensive time-averaging, however, the results of the multivariate analyses capture distinct changes in taxonomic and ecological composition indicating that the mixing is not complete.
The transgressive phase
The strong sediment mixing in the oldest age interval (152 to 65 cm) conceals changes in species composition occurring during that time. This interval has the lowest abundance of individuals, but effective species number is similar to interval 2, and is higher than in the two younger intervals 3 and 4. The mainly silty sediment is inhabited by a mollusc community dominated by infaunal species such as C. gibba. Most species are filter feeders or detritivores, and a relatively high number of species live associated with echinoderms (e.g. K. bidentata) and ascidians (e.g. Musculus subpictus). The presence of species associated with algae, seagrass (B. latreilli) and the seagrass rhizome layer (W. turgidula) points to the occurrence of marine vegetation. The broad dispersion of molluscan assemblages in the multivariate compositional space along the second NMDS axis (Fig. 8 ) also illustrates the high beta diversity associated with a host or with vegetation. Species co-occurring with echinoderms, ascidians or closely associated with seagrasses are more frequent here than in the younger intervals, where only species loosely associated to marine vegetation play a major role.
The early highstand phase: establishment of a new circulation pattern in the northern Adriatic Sea
The composition of the mollusc community changed strongly between~6000 and 4000 yrs BP. Six thousand years ago, the sea-level rise slowed down while approximating present-day conditions, and the typical circulation pattern of the modern northern Adriatic Sea established (Asioli et al., 1996) . These changes probably triggered the observed community shifts due to changes from nutrient-rich to oligotrophic surface waters (Asioli et al., 1996; McKinney, 2007) . The new circulation pattern with stronger currents likely increased winnowing of fine-grained particles, leading to lower sedimentation rates, reduced turbidity, and a lower probability of shell burial. As a result, higher substrate stability facilitated the establishment of epifaunal suspensionfeeding species and limited the abundance of infaunal molluscs. The effect of mud proportion on species composition and on host associations is suggested by RDA. These processes were probably associated with (1) a positive dependence of larval survivorship on abundance of epifauna (living adults increase opportunities for settlement and thus enhance survivorship of conspecific larvae, e.g., Johnson, 1977; Walker and Parker, 1976) , and (2) with taphonomic feedback (dead hardparts of epifauna facilitate other epifauna, and shell debris inhibits burrowing of infaunal species, e.g. Kidwell and Jablonski, 1983) . In turn, the accumulation of shell material on the sea floor provided a suitable substrate for other epifaunal filter-feeders, grazers and species associated with vegetation. The post-mortem colonisation of shells is evidenced by epifaunal encrustations and bioerosion traces found on the internal and external side of the valves of big ostreid and arcid shells, e.g. regular echinoid grazing traces (Gnathichnus), boring holes of clionid sponges (Entobia) and polychaetes (Maeandropolydora), encrusting calcareous red algae, serpulid tubeworms and bryozoans. During the early highstand phase, the mollusc community consisted mainly of filter-feeders (e.g. G. minima), grazers (e.g. B. latreilli), and Fig. 7 . Relative abundance of Ostrea shells and the most abundant molluscan species that represent more than 6% of the total. Fig. 8 . NMDS of all species. Age group 1(transgressive phase) black, group 2 (highstand) dark grey, group 3 (oyster-Arca bottoms) light grey, group 1 (anthropogenic phase) white.
Table 4
Results of redundancy analysis (RDA) performed separately for each of the six ecological groups; percent of variation explained by axis 1 and 2; adjusted R 2 and p-value of the significant environmental parameters. sponge-associated species (e.g. M. adversa). Rising abundances of species associated with algae and seagrass (e.g. B. latreilli) indicate an increase in abundance of marine vegetation.
The early-late highstand phase: development of epifaunal shell beds
The processes initiated with a change in circulation pattern reach their peak with vast Arca-oyster bottoms whose remains are found between 12 and 30 cm core depth. Here, abundances reach a maximum and the biogenic gravel content of the sediment is exceptionally high. The vast beds of these bivalves, also documented by an old fishing map from 1927 (Mancini, 1929) , likely developed between 4000 and 2000 BP. Species associated with marine vegetation also experienced a strong increase, most likely favoured by the high food availability in these rich and diverse secondary hard bottoms.
Anthropogenic impacts reshape the benthic community
In the youngest age interval from 12 to 0 cm, several hints of anthropogenic impact are evident. First, pollutant concentrations (PCB, PAH) and concentrations of total nitrogen are exceptionally high in the uppermost 12 cm. Concentrations of PAH, however, that are higher than 4000 ng/g are probably due to a punctual contamination of the sample (e.g., piece of charcoal), since such values are much higher than previously documented from the Gulf of Trieste (Guzzella and De Paolis, 1994; Notar et al., 2001) . Multiple sources of pollution and organic enrichment are involved. The very high mercury concentration can be traced to pollution by the Isonzo River, which washed the mining wastes of the large Idrija mercury mine (Slovenia) into the Gulf of Trieste for almost five centuries. The pollution was particularly intense in the early phases of mining about 300 yrs ago when the primitive ore extraction methods lead to highly contaminated waste waters (Čar and Terpin, 2005; Covelli et al., 2012; Gosar et al., 2012; Gosar and Teršič, 2015; Mlakar, 1974) . PAH concentrations exceeding TELs have been reported to originate mostly from pyrolitic and petrogenic sources (combustion processes, atmospheric input and industrial and sewage run-off) in the Gulf of Trieste (Notar et al., 2001 ). In the same area, very high concentrations of chrome, copper and zinc were found close to sewage collectors (Barbier et al., 1999) . Zinc can also be related to industrial tailing and wastes (Donazzolo et al., 1984) and to a series of other anthropogenic activities (Acquavita et al., 2010) .
Second, the peak in gravelly sediment, formed by large-sized Arca and oyster shells at 18-14 cm, demonstrates the former presence of shell beds of Arca noae ("banchi di mussoli") in the northern Adriatic Sea (Mancini, 1929) . Their sudden disappearance is related to the onset of intensive bottom trawling and dredging in the early 20th century (Botter et al., 2006; Jukic-Peladic et al., 2001; Krisch, 1900; Papaconstantinou and Farrugio, 2000) . Hrs-Brenko (1980) reports an unspecified catastrophic mortality of Arca noae on the west coast of the Istrian peninsula in 1949/1950, which probably also resulted from destructive fishing methods. During this event, all Arca populations still present in the area as late as in the 1940s were destroyed. At the same time in our samples, the trend from an infauna-to an epifauna-dominated community reverses and the percentage of infauna increases, while species associated with marine vegetation decrease. Regular disturbances by bottom trawling and recurring hypoxic events (Justić, 1991; Faganeli et al., 1985; Stachowitsch, 1991) are the most likely causes of this trend. Moreover, the effective number of species in this shallowest core section is significantly lower (19-20 species) than in all the other age intervals (25-30 species).
Oyster and Arca shell beds on north-eastern Adriatic soft-bottoms can be considered as the last primordial community state before the onset of massive anthropogenic interference at the beginning 20th century that triggered a rapid and drastic ecosystem change. Therefore, these shell beds represent a baseline community, which could serve as a reference point for restoration or conservation efforts. The benefits of restoring bivalve shell beds are manifold and range from an increase in water clarity by enhanced filtering capacity and seafloor stabilization to increased habitat and food supply for epifaunal and demersal species, higher biodiversity and also to a reinforcement of commercially important species (Capuzzo et al., 2015; Di Franco et al., 2016; Lotze et al., 2011b; Ott, 1992; Ott and Fedra, 1977) . As repeatedly demonstrated, such positive effects can be expected even if restoration efforts are limited to local-or regional-scale actions (Roberts et al., 2005; Di Franco et al., 2016) . A re-establishment of these rich epibenthic communities within a protected area would thus represent one important step in the recovery and protection of the northern Adriatic ecosystem (Lotze et al., 2011b; Moland et al., 2013; Turk and Odorico, 2009 ).
Conclusions
The investigated sediment core shows the transition from a nutrientrich low-energy environment (with unstable substrates or high sediment disturbance) to a more oligotrophic environment that is defined by the present-day marine circulation. The core shows a succession from an ecosystem dominated by infaunal deposit feeders and species associated with different hosts (e.g. echinoderms and ascidians), to a community successively dominated by epifaunal filter feeders and species associated with seagrass and algae. Ultimately, this trend results in the formation of remarkable Arca-and Ostrea shell beds. The main drivers of this community succession are, in an earlier phase, the development of today's circulation system and, in a second phase, taphonomic feedback processes leading to a coarsening of the sediment and a subsequent inhibition of the infaunal community. With the onset of industrialisation, anthropogenic impacts, mainly bottom trawling, pollution and organic enrichments lead to a destruction of the secondary hard bottoms and to a return of the infaunal and deposit-feeder community with reduced species richness. The mollusc community has changed continually over the past~10,000 yrs and most of these changes have not been anthropogenically induced. The loss of vast Arca-and Ostrea-bottoms, however, can be clearly linked to intensive and destructive fishing methods and other human-induced disturbances and regaining this special ecosystem, at least on a local scale, could be the goal of future restoration efforts.
